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Abstract: The past 50 years have transformed imaging of the joints. Whereas
musculoskeletal imaging consisted predominantly of conventional radiography
when Investigative Radiology was founded as a journal, the arrival of new imag-
ingmodalities, and above all, the introduction of magnetic resonance imaging, re-
sulted in a paradigm shift: In addition to visualizing osseous structures, now the
detailed depiction of soft tissue structures became part of routine clinical imaging
and had a major impact on understanding pathophysiology and patient treatment.
This article analyzes the patterns of innovation that were essential for the transfor-
mation of musculoskeletal radiology. Furthermore, state-of- the-art joint imaging
is described through 9 key concepts, including both cutting-edge clinical applica-
tions as well as topics at the forefront of musculoskeletal research. Eventually,
emerging trends are outlined that will likely shape musculoskeletal radiology in
the next decades.
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L ike many subspecialties of radiology, musculoskeletal (MSK) imag-ing has undergone a major transformation in the past 50 years. This
is especially apparent in imaging of the joints. Whereas in 1965, the ra-
diological diagnosis was mainly focused on the osseous parts of the
joints, we are now able to depict cartilage, soft tissues, nerves, and even
joint inflammation directly. With the widespread use of surgical tech-
niques such as arthroscopic surgery, MSK imaging is gaining an ever
more crucial role in assessing the joints for obtaining a diagnosis as well
as for therapy planning.
In the following section of this review, we analyze the patterns of
innovation that were essential for the transformation of MSK imaging
in the past 50 years. Important contributions for this chapter are based
on interviews with several distinguished leaders in the field ofMSK, in-
cluding Michael Recht, Mini Pathria, Jürg Hodler, Thomas Böni, and
Siegfried Trattnig.
Wewill proceed to the description of the state-of-the-art joint im-
aging as exemplified through 9 key concepts, a discussion that will in-
clude both cutting-edge clinical applications as well as topics at the
forefront of research. Experts in the field have contributed to these indi-
vidual key concepts.
The final section is dedicated to the future of MSK imaging.
Whereas none of the authors is clairvoyant, we will nevertheless try
to attempt some of the trends that will shapeMSK radiology in the com-
ing decades.
PATTERNS OF INNOVATIONS
The past 50 years have transformed imaging of the joints, as
demonstrated by the variety of MSK papers that appeared in Investiga-
tive Radiology over this period. What were the big leaps that shaped
the way we image the joints today? Let us take a look at some of the
patterns of innovation, beginning with the transformations in conven-
tional radiography.
Radiographs remain essential for imaging of the joints for eval-
uation of diseases such as osteoarthritis (OA), inflammatory arthri-
tis, and for evaluation of trauma. Fifty years ago, MSK imaging
consisted predominantly of conventional radiography.1,2 In special
cases, radiograph-based modalities such as fluoroscopy, arthrography,
and angiography were performed.3–5 Most questions in MSK imaging
addressed bone pathology, and this field of radiology was appropriately
termed osteoradiology.6
In this state of joint imaging in the 1960s and 1970s, many soft
tissue diagnoses, such as ligament or meniscal tears, were often over-
looked, since the adjacent osseous structures revealed no abnormality.
As a result, patients had to undergo invasive diagnostic arthrotomy or
arthroscopy to obtain a diagnosis. Radiographs have come a long way
and remain the basis for many aspects of MSK imaging. The introduc-
tion of digital radiography allowed both for significant improvement in
image quality and substantial reduction in radiation dose.7
The advent of computed tomography (CT)marked a shift in clin-
ical radiology from projection radiography and conventional x-ray to-
mography to cross-sectional imaging. This is specifically evident in
imaging of bone tumors and in the evaluation of fractures.8
Initially, CTacquisition times were long, and only 2-dimensional
(2D) data were available for routine clinical imaging. Whereas cross-
sectional anatomical depictions of the joints and anatomicmeasurements
were possible,9,10 it was the establishment of secondary multiplanar re-
constructions based on a 3D data set that transformed the use of CT in
MSK imaging.11,12
Three-dimensional images for MSK imaging were initially gen-
erated from 2D CT data, with considerable loss of information depend-
ing on the orientation of the original images, limiting the role of CT in
the early days.13 With the advent of spiral CT and later multislice CT,
this changed dramatically. It then became possible to generate second-
ary reconstructions based on a 3D data set, with detailed depiction of
the osseous anatomy on multiplanar imaging,14 allowing an accurate di-
agnosis as well as improved surgical planning.
Computed tomography arthrography was also subsequently in-
troduced, representing a major advance over fluoroscopic arthrography,
allowing depiction of the articular cartilage with high resolution, and
enabling the indirect depiction of soft tissue pathology such as rotator
cuff tears.15,16
The success story of MSK imaging over the past 50 years is
closely linked to the development and the success of magnetic reso-
nance imaging (MRI). The first-ever human MRI image was produced
by Sir Peter Mansfield in 1977 and was actually an MSK image, as it
was a cross section of the finger of Dr. AndrewMaudsley.17 For clinical
imaging, it soon became clear that the introduction of MRI was a real
paradigm shift18: In addition to visualizing osseous structures, MRI
allowed detailed depiction of soft tissue structures such as muscles, lig-
aments, menisci, and articular cartilage.19–24 Over time, the availability
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of high-resolution joint MRI in routine clinical practice nearly elimi-
nated the need for diagnostic arthroscopy. Development of MR ar-
thrography had a major impact on treatment decisions particularly for
hip and shoulder imaging,25–27 with evaluation of cartilage and labrum
integrity, but also depiction of rotator cuff tears and the associated mus-
cle atrophy in the shoulder.28,29
Our understanding of pathophysiology has been altered substan-
tially by the availability of high-resolution MRI. Whereas macroscopic
anatomy taught us how different parts of the joints are shaped, at MRI,
an abundance of anatomical variants and seemingly pathological find-
ings are visible.30,31 For the clinical use of MSKMRI, it became essen-
tial to distinguish real pathology from variants and from early degeneration
that have no or limited clinical impact, a distinction that has proven to
be challenging in specific cases up to the present time. This is exempli-
fied by the diagnosis of meniscal tears. Whereas menisci are ho-
mogenously hypointense on the standard MRI sequences in young
individuals, a variety of signal changes are visible at MRI of the knee
in most middle-aged and elderly patients.32 Several studies have shown
that not all meniscal tears are linked to trauma or symptoms and have
influenced the reporting of abnormal findings.33,34
Another area where high-resolution MRI has enhanced our un-
derstanding of pathophysiology is the hip joint. Femoroacetabular im-
pingement (FAI) was not known 50 years ago and has only been
recognized in the past 15 years as the major cause of early-onset OA
in nondysplastic hips.35 A combination of clinical observations, biome-
chanical considerations, and imaging findings have been crucial in de-
veloping and consolidating the concept of FAI, with MRI widely used
today in the evaluation of patients with suspected FAI. However, MRI
has also been used to demonstrate that substantial variability of the os-
seous anatomy is present at the proximal femur in healthy individuals
and to prove that some of these findings should not be considered ab-
normal, therefore aiding in the prevention of FAI overdiagnosis.36
In the 1980s, the acquisition of MR images was a lengthy pro-
cess of approximately 1 hour, and the resultant images were only low
resolution. In the subsequent decades, multiple important innovations
in MR hardware resulted in increased field strength and gradient
strength, whereas substantial improvements in coil design, including
the introduction of multichannel receiving coils, combined to drama-
tically change both acquisition times and image quality.37,38 These
advances in technical innovations are described in detail in an excel-
lent review by Ai et al.39 Furthermore, the development of advanced
pulse sequences such as fast spin echo sequences, parallel imaging,
short echo–time MRI, and MRI spectroscopy truly revolutionized MSK
radiology.39–43
Technical advances in MSK MRI continue at a rapid pace today
with the introduction of pulse sequences that allow for imaging of metal
prosthetics44 and with high-resolution 3D sequences for imaging of ar-
ticular cartilage.45 At the cutting edge of research is the investigation of
so-called biochemical imaging of cartilage, a technique that aims at de-
tection of early cartilage degeneration before macroscopic cartilage de-
fects are visible on conventional MR sequences.46–49 Finally, also the
introduction of 7-TMRI is expected to bring unprecedented insight into
pathophysiology of cartilage disease. 50–52
Fifty years ago when MSK radiology was mainly based on con-
ventional radiography, few radiologists subspecialized in dedicated
MSK imaging.With the arrival of new imaging modalities on the scene,
and in particular, after the introduction of MRI in routine clinical imag-
ing, MSK radiology became established as a subspecialty. This devel-
opment is mirrored in the establishment of specialized MSK societies
such as the International Skeletal Society (ISS) in 1972, the European
Society ofMusculoskeletal Radiology (ESSR) in 1993, as well as many
national MSK imaging societies. Furthermore, specialized MSK fel-
lowships were established in the United States in the late 1970s and
early 1980s that had a major impact in the spreading of MSK radiology
as a subspecialty.6
STATE-OF-THE-ART IMAGING OF THE
JOINTS—KEY CONCEPTS
Musculoskeletal radiology is awide field; to give an overview of
the state of the art of joint imaging, we present 9 key concepts that either
focus on a current technology for clinical application or research.
High-Resolution MRI
High-resolution MRI is imperative for the accurate diagnosis of
abnormalities involving the relatively small structures of the joints
(Fig. 1). Such examinations must also be performed within a relatively
short period of time (15–30 minutes) to maintain adequate patient
throughput. The theoretical doubling of signal-to-noise ratio (SNR) at
3.0 T can be used as a type of currency and traded for higher-
resolution imaging and/or shorter scan acquisition times. As a result,
3.0-T MSK MRI has been widely adopted for noninvasive evaluation
of the MSK system.
FIGURE 1. High-resolutionMR arthrography image of the right shoulder with a T1-weighted axial image (A), a fat-saturated coronal T2-weighted image
(B), and an additional fat-saturated T2-weighted image (C) obtained with abduction and external rotation positioning. Images in standard positioning
demonstrate an anteroinferior tear of the glenoid labrum (arrowhead in A), consistent with anterior glenohumeral instability. Abduction and external
rotation images demonstrate stripping of the periosteum (arrow in C), consistent with a Perthes-type lesion. The images were obtained using a
high-resolution 0.6  0.4  0.2-mm 2D TSE protocol after the injection intra-articular contrast at 3 T with a dedicated 16-element shoulder coil and
a parallel imaging acceleration factor of 2. Figure 1 can be viewed online in color at www.investigativeradiology.com.
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Dedicated coils are essential for optimal image quality in high-
resolution MRI regardless of the joint imaged. Improved coil geometry
and the greater number of independent coil elements have greatly im-
proved SNR and image quality. However, multielement coils can also
be aligned in the phase-encoding dimension, enabling implementation
of parallel imaging.53 With parallel imaging, the differing spatial sensi-
tivities of each coil element is exploited and used to undersample
k-space in the phase-encoding direction. As such, scan time can be ac-
celerated proportional to the degree of undersampling. Each portion of
undersampled phase- encoding data is then combined either before (ie,
generalized autocalibrating partially parallel acquisition [GRAPPA] or
simultaneous acquisition of spatial harmonics [SMASH])54 or after
the Fourier-Transform (ie, sensitivity encoding [SENSE])55 to produce
the final image.
Other recent advances inMR data sampling are poised to further
reduce the scan acquisition time for high-resolution MSKMRI. For ex-
ample, in the knee and shoulder 2D turbo spin echo (TSE) sequences
have been primarily used to generate variously weighted sequences in
axial, coronal, and sagittal planes. Despite use of moderate echo train
lengths and parallel imaging factors of 2, each high-resolution sequence
(for example, 0.3 0.3 0.8mm) may still require 3 to 4 minutes. One
solution to this is use of 3D imaging to obtain isotropic MR images,
which can then be reconstructed in arbitrary planes, for example, by
using an isotropic 3D sampling perfection with application-optimized
contrasts using different flip angle evolutions (SPACE) TSE sequence
with intermediate weighting (Fig. 2).56 In the knee, such images with
6-mm isotropic resolution have been shown to be similar to conven-
tional 2D TSE sequences for characterization of meniscal tears, and su-
perior to 2D techniques for the detection of flap tears.57,58 Other results
in the shoulder have been equally promising: In one study, 3D TSE
sequences demonstrated near-perfect concordance with 2D TSE and
decreased examination time by almost 40%.59 Three-dimensional im-
aging techniques in combination with MR arthrography have also pro-
ven to be suitable substitutes for the evaluation of bony Bankart lesions
and glenoid bone loss in anterior shoulder instability.60
With further increases in parallel imaging acceleration, SNR be-
comes limited by signal undersampling and g-factor noise amplifi-
cation, which is dependent on the encoding capabilities of the receiver
array. This is typically observed as a loss of signal-to-noise within
the center of the image, where coil sensitivity profiles differ least.
G-factor noise is also problematic when 2D parallel imaging is used
in 3D and simultaneous multislice (SMS) imaging. Ideally, the number
and arrangement of coil elements could be optimized for each applica-
tion, but in reality, hardware limitations and diversity in patient size and
weight prevent this. Controlled aliasing in parallel imaging results in
higher acceleration CAIPIRINHA is a reconstruction algorithm that mo-
difies aliasing conditions associated with parallel imaging in a controlled
manner by cycling the phase of the radiofrequency pulse applied to each
slice.61,62 This controlled aliasing with each slice results in fewer areas,
where multiple slices contribute signal to the undersampled image.
As parallel imaging is typically associated with a decreased
SNR, a new technique called multiband phase-constrained parallel
MRI uses the simultaneous excitation of several slices by means ofmul-
tiband radiofrequency pulses and then separates the slices using parallel
MRI reconstruction algorithms.63,64 The phase-constrained reconstruc-
tion uses background phase variations in addition to coil sensitivity var-
iations to obtain theMRI imagewith a substantial reduction in scanning
times.63 This may have a major impact on MRI with a dramatic ac-
celeration of imaging at field strengths greater than 3 T, diffusion-
weighted imaging (DWI), functional MRI, and other techniques.65
Another promising approach for scan time reduction is com-
pressed sensing, a technique that aims to reconstruct images from fewer
measurements than originally thought necessary. Most MR images are
sparse in various transform domains, and this sparsity can be exploited
by randomly undersampling k-space data. This technique is comple-
mentary to and can be used alongside other k-space undersampling
techniques previously discussed. Whereas initial results are promising,
much work remains to be done before this can be transitioned to the
clinical routine.66
MRI Arthrography of Femoroacetabular Impingement
Direct MRI arthrography of the hip joint plays a major role in di-
agnosing femoroacetabular impingement (FAI) and planning of surgery
by depicting both the osseous abnormalities of FAI and the labrum and
cartilage damage associated with FAI.67 Patients with FAI typically
show either osseous overcoverage of the acetabulum (pincer-type
FAI), osseous deformities of the femoral head-neck junction (cam-
type FAI), or both (mixed-type FAI).68,69 Although some authors pro-
posed to assess the pincer-type deformity with CT or MRI, it is best
assessed with standard pelvic radiographs.70 For the cam-type defor-
mity, CT or MRI offer a distinct advantage over standard radiographs,
since the 3D contour of the femoral head-neck junction can be assessed
on radial images around the femoral head.70 As the maximum cam-type
deformity is commonly located at the anterosuperior position, this al-
lows a more accurate assessment. However, there is much debate on
how to best assess the cam-type deformities. Initially, Nötzli et al71 in-
troduced the alpha angle to define a cutoff value for cam-type deformi-
ties, but it has been shown that the alpha angle is not a reliable tool
FIGURE 2. Three-dimensional SPACE TSE fat-saturated intermediate-weighted image in the coronal plane (A) with additional axial reconstruction (B) in
the plane of the meniscus enabling improved delineation of the anterior root tear (arrow in A and arrowheads in B) in a patient after previous
reconstruction of the anterior cruciate ligament. Acquisition was performed with a 0.6-mm isotropic spatial resolution allowing for image reconstruction
in both standard and arbitrary planes. Figure 2 can be viewed online in color at www.investigativeradiology.com.
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to assess cam-type deformities owing to a large overlap of values be-
tween healthy individuals and patients.36,72 Alternative measurement
techniques such as the femoral offset or the femoral distance around
the circumference of the femoral head have been proposed, but they
do not show amore accurate discrimination between healthy individuals
and patients with FAI than the alpha angle.73
Other factors have been recognized that may contribute to the de-
velopment of FAI, either in combinationwith cam- and pincer-type defor-
mities, or even as an isolated pathology, such as extreme hip motion in
young athletes or ballet dancers, and abnormal femoral antetorsion.74–76
In patients with suspected FAI, MR arthrography is the stan-
dard of care for the evaluation of the labrum and acetabular cartilage,
but CTarthrography may be performed as an alternative in patients with
contraindications forMR imaging.77 Several publications have assessed
whether MR arthrography can be replaced by noncontrast MRI, with
varying sensitivity and specificity; but currently, MRI arthrography is
reported to have a higher accuracy compared to noncontrast MRI
(Fig. 3).78,79
The detection of defects of the articular cartilage is often more
difficult than the detection of labral tears, as the cartilage layers are very
thin and have a spherical morphology.80 Most cartilage defects are
found at the anterosuperior portion of the acetabulum. Whereas MR
arthrography is currently more accurate in detecting small cartilage de-
fects of the acetabulum than noncontrast MRI, both modalities have
a similar accuracy for diagnosing cartilage defects of the femoral head
and extensive cartilage defects that are equivalent to early-stage
OA.79,81 Currently, several MRI techniques (eg, delayed gadolinium-
enhanced MRI of cartilage [dGEMRIC]) are being evaluated to detect
early cartilage degeneration of the hip before macroscopic defects are
present, to allow for timely and successful treatment of FAI before ex-
tensive joint damage is present.82 Whereas short-term results and the
first 10-year follow-up results after FAI surgery are promising, the
long-term benefits of surgical treatment of FAI are still under investiga-
tion at this time.
Advanced Cartilage Imaging for Detection of
Early-Onset OA
Despite the increasing spatial resolution ofMRI of the joints, the
diagnosis of early-onset OA remains a challenge.Wewill briefly review
some of the cartilage mapping techniques that are being evaluated in the
preclinical stage for assessing glycosaminoglycan (GAG) loss and col-
lagen breakdown as typical features of early-onset OA.83,84
T2 mapping uses multiecho spin-echo sequences to assess the
collagen microstructure in the extracellular matrix of the cartilage.85,86
Cartilage T2 values mainly depend on 3 factors: orientation of the col-
lagenous fiber in the cartilage, content of collagenous fiber, and content
of water. T2 values decrease progressively from surface layer to deep
layer in the normal cartilage because of anisotropy in different layers.
Damage to the extracellular matrix is associated with increased T2 re-
laxation times.87 Apprich et al88 used quantitative T2 mapping at 3-T
MRI in a study with 43 patients who already had macroscopic cartilage
defects to demonstrate that the adjacent cartilage also featured some
cartilage degeneration. A study by Mosher et al89 found that T2 values
of the surface layer in the tibiofemoral cartilage decreased after running,
so T2 mapping can even supply some information about cartilage reac-
tion to physiologic weight bearing. Regional differences have been de-
scribed for T2 mapping depending on the orientation of the cartilage
tissue relative to the mainmagnetic field, so standard T2 values canvary
according to joint subregions and the placement of the patient in
the scanner.90
T1rho imaging uses "spin lock" pulses to lock the transverse
magnetization and drive the recovery of longitudinal magnetization as
a means of estimating proteoglycan change in the joint cartilage that
is associated with joint degeneration.91 With progressive joint degener-
ation, the T1rho values are increased.92 In patients with varying degrees
of knee OA, significant differences in T1rho values have been docu-
mented between subregions of menisci and femorotibial cartilage.93,94
Furthermore, T1rho seems to be more sensitive for the detection of
early cartilage degeneration than T2 mapping.86
The dGEMRIC is either with intravenous or direct intra-articular
application of contrast.49 The technique is based on the concentra-
tion of negatively charged contrast molecules in an inversely propor-
tional manner to the negatively charged GAGs in degenerated
articular cartilage in association with OA.95,96 The concentration
of gadolinium-DTPA2− can be assessed by measuring T1 values, and
T1 mapping produces a visual approximation of the GAG distribution
to detect areas with proteoglycan deficiency.84 Recent work by Endo
et al97 further showed the effectiveness of dGEMRIC imaging in histo-
logical and biochemical evaluation of repair tissue at early stage after al-
lograft chondrocyte implantation.
In addition to 1H, sodium (23Na) is another element that can be
used to aid in cartilage imaging. The proteoglycan sulfate and carboxyl-
ate groups of GAG molecules create a fixed negative charge within the
cartilage, and the binding of cations (primarily Na+) to those negative
charges allows the maintenance of electroneutrality within the extracel-
lular matrix.98 As the sodium will distribute in proportion to the nega-
tive charges of GAG molecules in degenerated articular cartilage, the
area of proteoglycan loss caused by cartilage degeneration can be visu-
alized. Recent work showed sufficient sensitivity of sodium MRI to
GAG changes in articular cartilage of ankle and subtalar joints.52 The
current limitations of sodium imaging are the requirements of dedicated
hardware as well as high-field MRI.
Synovitis Assessment With MRI
Rheumatoid arthritis (RA) is the prototypical inflammatory sy-
novial disease, a chronic inflammatory condition of the joints most
commonly involving the joints of the proximal hand. The advent of
disease-modifying antirheumatic drugs has rendered the early diagnosis
of RA imperative, as early treatment with such therapies has been shown
to improve disease outcomes.99 The high cost of these therapies makes
the accuracy of the RA diagnosis even more important. Magnetic reso-
nance imaging detects subtle inflammatory changes in RA before the de-
tectability of erosions by radiography and CT. Magnetic resonance
FIGURE 3. Cam-type FAI in a 20-year-old professional male soccer player
seen on a coronal intermediate-weighted fat-suppressed MR
arthrography of the right hip. When the cam-type deformity (asterisk) at
the femoral head-neck junction is rotated into the hip joint during
flexion and internal rotation, this leads to labrum and cartilage damage
over time, as demonstrated here with a labral tear (arrowhead) and
delamination of the adjacent acetabular cartilage (arrows).
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imaging has thus become an indispensable tool in the evaluation of early
inflammatory changes in RA and other rheumatologic conditions.
Magnetic resonance protocols for detection of RA and other in-
flammatory conditions differ from those used for the detection of ortho-
pedic conditions. In addition to standard TSE sequences including
contrast-enhanced sequences, some 3D TSE techniques (ie, SPACE
or CUBE) may be used, as they enable reconstructions in any arbitrary
plane, and as acquisition of images with thin slices are useful for
detecting erosions.
ThreeMRI findings in RA—bonemarrowedema, tenosynovitis,
and bone erosions—are included as standard criteria for the assess-
ment of outcomes in the outcome measures in rheumatology clinical
trials (OMERACT).100,101 Bone marrow edema is an early manifestation
of RA. This edema is the most important prognostic factor in RA102
and follows the typical pattern of erosions,103 suggesting it is a pre-
cursor lesion. In one study, RA progression was detected with 82%
sensitivity and specificity using an algorithm incorporating MR imaging
criteria.104 Bone marrow edema is also the most specific of the
aforementioned signs105 on noncontrast images with a specificity of
approximately 83%. T1-weighted images are most useful for visuali-
zation of erosions, which are defined by RAMRI criteria as "a sharply
marginated bone lesion with correct juxta-articular localization and
typical signal characteristics, which is visible in 2 planes with a cortical
break seen in at least one plane."106 Magnetic resonance imaging is
significantly more sensitive than radiography (61% vs 24%) for erosion
detection.107 Synovial inflammation in RA eventually progresses to
development of a cellular, inflammatory pannus108 typically with low
signal on T1- and high signal on T2-weighted images. This pannus is
responsible for cartilage and bone destruction. Synovial enhancement is
assessed with contrast-enhanced MRI. Dynamic contrast-enhanced MRI
has been shown to be useful in differentiating active versus inactive
RA.109 If intravenous contrast cannot be given, as in the case of
patients with renal failure, diffusion tensor imaging has been described
as an alternative,110 with similar sensitivity in detection versus contrast-
enhanced MRI. Anisotropic proton motion detected by this technique
within joint fluid suggests the presence of an inflammatory component.
Tenosynovitis, as detected with MRI or Sonography, has been shown to
be a useful marker for RA as well.111
Magnetic resonance imaging is also useful for the differentiation
among etiologies of inflammatory arthropathy. Polyarticular psoriatic
arthritis may be difficult to distinguish from rheumatoid arthritis (RA)
in cases where the distal interphalangeal joints are not involved and lab-
oratory values are equivocal. Periostitis and synovitis are more frequent
in the proximal interphalangeal joints in psoriasis, whereas synovitis
and erosions in the wrist are more typical in RA.112 Inflammation in
psoriatic arthritis also frequently extends beyond the joint capsule, re-
lated to inflammatory enthesopathy. Dynamic contrast-enhanced MRI
has been described as a way to distinguish the 2 conditions with syno-
vial enhancement persisting on 15-minute delayed images in RA.113
Similar to RA, the psoriatic arthritis MRI score has been confirmed
to be a reliable way to monitor inflammation in psoriatic arthritis clini-
cal trials.114
MRI Metal Artifact Reduction
The number of patients with joint replacement has increased
rapidly worldwide, and both hip and knee replacements are overall con-
sidered to be very successful treatments for end-stage OA. In patients
with residual pain or other complications, it is often challenging to
reach the correct diagnosis, as abnormalities of both the bone and the
periarticular soft tissues have to be evaluated. After total knee arthro-
plasty up to 29% of patients have substantial pain at rest or duringwalk-
ing 1 year after surgery, and imaging plays an important part in the
evaluation of these patients.115
For total hip arthroplasty (THA), the results are generally better
than for total knee arthroplasty; but in recent years, it has been
recognized that one particular type of implants leads to an increased rate
of complications116: Metal-on-metal implants showed promising initial
results, but many of these products have been recalled owing to a large
number of cases with metallosis and various complications often de-
scribed as “adverse local tissue reaction”.117 This can result in aggres-
sive soft tissue destruction and pseudotumors—and MRI has proved
to be important in the diagnosis of those complications.118 For a long
time, MRI of joint replacement was not possible owing to enormous
metal artifacts around the prosthesis that resulted in nondiagnostic im-
ages. Since the beginning of this century, however, rapid developments
in MRI technology have resulted in a paradigm shift.119 Initially, MRI
was performed in patients with THA to assess the muscles and tendons
around the greater trochanter in patients with insufficiency of the hip
abductors or with greater trochanteric pain syndrome.120 In recent years,
it has even become possible to evaluate the joint capsule, periarticular
ligaments, and the bone around the metal in patients with total hip or
knee arthroplasty.121
Avariety of basic principles can be used to reduce metal artifacts
for prosthesis MRI, such as using fast spin-echo sequences instead of
gradient-echo sequences, using a small slice thickness, and scanning
at 1.5 T rather than at 3 T, since the artifact size is directly proportional
to the magnetic field strength. A very powerful but simple technique
is to increase the bandwidth during slice selection and during read-
out to reduce metal artifacts, although this comes at the price of a re-
duced SNR.122 As spectral fat saturation typically fails around metal
implants, short tau inversion recovery (STIR) sequences are preferred
for MRI of joint replacement. Short tau inversion recovery imaging is
especially helpful if the bandwidth of the inversion radiofrequency
pulse is matched to the increased bandwidth of the excitation radiofre-
quency pulse, albeit this increases the specific absorption rate during
scanning.123
Although these basic techniques for metal artifact reduction are
easy to implement, they are only able to reduce artifacts in the image
plane to a certain degree, leaving the substantial distortions from adja-
cent image planes untouched. New multispectral sequences allow
these through-plane distortions to be addressed, either with a repeated
frequency-selective excitation (multiacquisitionwith variable resonance
image combination [MAVRIC] technique), by adding an additional
slice-encoding gradient (slice encoding for metal artifact correction
[SEMAC] technique), or by combining these 2 techniques (Fig. 4).44,124
Whereas this results in an improved depiction of the bone-metal inter-
face of the prosthesis, acquisition time is increased substantially.
Sequences with through-plane distortion correction have a sub-
stantial clinical impact in patients with THA, with SEMAC enabling
the better detection of soft tissue pathologies, such as tears of the abduc-
tor tendons, trochanteric bursitis, and synovitis, but also by depicting
periprosthetic osteolysis.125 SEMAC can also be incorporated in the di-
agnostic algorithm for patients with a painful knee arthroplasty, since it
features the same accuracy as CT for detecting periprosthetic osteolysis
but also can depict bone marrow edema around the prosthesis or collat-
eral ligament damage in patients with instability.126
While MRI of hip and knee replacements has been successfully
introduced in routine practice, current acquisition times are quite long,
with durations of 6 to 8 minutes for advanced sequences. With further
technical improvements such as compressed sensing, it is expected that
MRI metal artifact reduction will get both faster and the reduction of
residual artifacts even better.127 Furthermore, metal artifact reduction
at 3 T is becoming feasible for clinical application.128,129
Helical CT With 3D Modeling and Surgical Planning
of Osteotomies
The concept of 3D bone reconstruction based on helical CT is
not new. However, the use of 3D modeling for case-specific surgery
planning is developing rapidly. There are many patients with posttraumatic
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conditions that potentially could benefit from a patient-specific treat-
ment planning, such as patients with malunion of wrist fractures.130
Persistent osseous irregularities at the articular surfaces can lead to
secondary OA and are a major predictor for a negative postoperative
outcome. Thus, the preoperative detection and treatment of these irreg-
ularities is crucial.
Preoperative simulation of surgical procedures includes the fol-
lowing 3 major work steps (Fig. 5)131 : First, a CT-based 3D reconstruc-
tion and segmentation of the affected bones is performed. If metal
implants are to be used, they need to be segmented and a 3D model
has to be generated for 3D surgery planning.
Second, decision making on the targeted bone shape is carried
out. The intended postoperative bone shape heavily depends on preop-
erative conditions such as amount of bone loss, degree of malunion, and
the specific anatomical circumstances such as vicinity to radial or ulnar
vessels and nerves. Often, an anatomical reconstruction of the distal ra-
dius is impossible, and creative alternatives have to be considered. In
many cases, a template generated from a mirrored 3D data set of the
normal contralateral wrist is helpful. Superimposed 3D reconstructions
of the abnormal wrist and the normal wrist often facilitate the under-
standing of posttraumatic deviations. Based on these 3D evaluations,
the surgeons can find the optimal location and orientation of os-
teotomies and identify the translation needed between osseous chunks
to restore a smooth distal radial joint surface.
As the final step, drilling and positioning guides are constructed
to facilitate surgery and to assure optimal results. Therefore, the con-
struction of patient-specific guides is a crucial step. The guides are gen-
erally printed on a 3D printer on site or delivered by a dedicated supplier
of 3D printouts. On the contact surface with the distal radius, the dril-
ling guide features the negative shape of the bone surface. This helps
FIGURE 4. A, Coronal STIR SEMAC image in a patient with total arthroplasty of the left knee provides good image quality with homogeneous fat
suppression even adjacent to the metal implants. The arthroplasty and the cortical screws (arrows) at the level of the proximal tibia are well delineated.
The medial collateral ligament (outlined arrowheads) can be seen in its full length without being obscured by artifacts. B, Coronal STIR SEMAC image in a
different patient with painful total arthroplasty of the right hip, with bone marrow edema (arrows) and periosteal edema (arrowheads) on the medial
side of the femoral diaphysis. C, Axial STIR WARP image in the same patient as (B) at the tip of the prosthesis shaft also nicely shows the periosteal
edema (arrowheads).
FIGURE 5. A, Three-dimensional reconstruction of the distal articular facet of the radius andmalunion after fracture based onCTdata. Upper part, There is
marked osseous irregularity (arrowheads) along the prior fracture. Lower part, Targeted bone shape to restore a smooth joint surface. The purple bone
chunk section has to be detached and reattached in a new position to close the gap and remove osseous irregularities. B, Patient-specific drilling block for
obtaining the targeted bone shape in Figure 1A. The drilling holes serve to produce a predefined breaking line to detach the targeted bone chunk.
Images courtesy of CARD Group Balgrist University Hospital. Figure 5 can be viewed online in color at www.investigativeradiology.com.
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to correctly position the drilling block. The drilling holes in this block
serve to produce a predefined breaking line. Once a bone chunk is de-
tached during surgery, it is repositioned by the use of a positioning
guide and attached in the new position by screws, plates, or other means
of fixation.
Beyond correction of malunions of the distal radius, the tech-
nique previously described can also be used to understand more com-
plex problems such as scaphoid fractures or posttraumatic restriction
of pronation and supination caused by axis deviation.132,133
Automated Image Analysis in Radiographs of the Joints
In 1989, automated image analysis methods were presented for
the first time for quantifying joint spaces in radiographs of the hand134
and knee.135 These initial methods required elaborate preprocessing
steps, since a conversion from analog radiographs to a video signal
and subsequent digitization was needed. The introduction of x-ray film
scanners and later, fully digital x-ray systems, has made these auto-
mated image analyses much more applicable in practice. Although the
literature on joint quantification based onMRI is more extensive owing
to its high soft tissue contrast within the joints, radiographs still receive
extensive interest from researchers today because of its practical avail-
ability, ease of use, and its high in-plane resolution, despite drawbacks
of overprojection and lack of contrast between, for example, synovium
and cartilage.
Most studies on joint quantification are focused on imaging bio-
markers for rheumatoid arthritis (RA) and OA, measuring joint space
narrowing as a surrogate marker of cartilage damage. Because of its
size relative to image resolution and predominant occurrence of disease,
the knee joint is the most frequently investigated by computerized anal-
yses, followed by the joints in the hand and wrist, whereas the remain-
ing joints are examined only rarely.
Based on automatically detected bone contours, different param-
eters can be deduced. By examining the distances between the proximal
and distal bone contour of a joint, the mean or minimum joint space
width (JSW) has been calculated, or a single between-contour distance
at specific landmarks.136 From the same contours, the joint space area
can be computed by summing all contour distances,137 and similarly,
the area of osteophytes can be calculated semiautomatically.138For these
measurements, image processing techniques have been used, initially
based on simple edge detection algorithms and later, with the advent
of more powerful computers, by more advanced techniques, like statis-
tical shape models. Whereas JSW can in principle be measured in any
joint, joint-specific features have also been defined, for example, the
tibial eminence height.138 Furthermore, disease-specific measurements
have been developed, for example, JSW made independent of osteo-
phyte growth in OA.139 Finally, bony structures surrounding the joint
have been assessed quantitatively by subchondral bone mineral densi-
tometry, bone texture analysis, and measuring the subchondral cortical
thickness, erosion size, and joint alignment.140–143
FIGURE 6. Automated image analysis of JSW of both hands on a screenshot of the user interface of the JAQ-program. In this step of the automated joint
analysis, the user is able to adjust the detected contours by adding support points. The side panel shows the original hand radiograph, where the finger
joint locations have been detected automatically. By selecting a joint in this image (small yellow rectangle), a close-up of the joint is presented in themain
panel. The vertical dotted lines in themain panel indicate a standardizedmeasurement area. After each optional adjustment, the calculatedmean JSW is
updated. The graph on the bottom shows the individual distances as a function of the horizontal positionwithin the joint. Figure 6 canbe viewed online in
color at www.investigativeradiology.com.
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In many of the aforementioned applications, image processing
has helped automate these measurements, thereby improving objectiv-
ity and reproducibility. As a result, some clinical trials have been con-
ducted for evaluation of drug efficacy, based on automated joint space
measurements.144 Different software packages have been developed, in-
cludingAIDA / KIDA138, KOACAD145, CAJSA,146 and JAQ139, the latter
of which can be downloaded for free for Matlab users (www.lkeb.nl/
Software Downloads, Fig. 6). The validity of these automated quantifi-
cation methods have been investigated in many studies on correlations
with manual scoring of joint space narrowing, clinical outcome param-
eters, and biomarkers of disease activity. In addition, reproducibility has
been evaluated through studies on interobserver/intraobserver variabil-
ity135 and interunit/intraunit variability.147 In longitudinal studies, the
sensitivity to change in the joint space has been validated, and for some
measures, normal values have been established.146
As for any projection modality, patient positioning is a known
source of error, as is radiographic magnification (especially in the knee,
hip, and shoulder). Therefore, many researchers have studied the influ-
ence of patient positioning to produce an optimal imaging protocol for
joint measurements. In a single-joint evaluation like the knee, position-
ing (flexion angle with respect to x-ray focus) has been optimized.With
hand x-rays, however, it becomes impractical to do this for each joint
separately. Adding 3D anatomical information in the automated joint
assessment (ie, using 3D statistical shape models from CT)148 may
be useful in making the measurements less dependent on patient posi-
tioning. Better still, the recent development of clinical micro-CT might
possibly give a more direct solution by providing high-resolution intrin-
sically of 3D data of the joints.149,150
Ultra Low-Dose Biplanar Radiographs
Orthopedic radiology is characterized by the need for increas-
ingly precise imaging and measurement techniques to provide the
referring surgeon with the necessary information for case-specific
surgery and to track long-term posture changes in abnormalities such
as degenerative spine disease and scoliosis. According to the “as low
as reasonably achievable principle,” a low radiation dose associated
with the modality used is required, since the affected patients are often
adolescents and children with the need for repetitive follow-up
examinations.151
So-called biplanar x-ray scanners fulfill these requirements and
are based on the concept of radiostereometric analysis, which is well
known in the scientific literature since the 1990's: the position in space
of an object is reconstructed from two 2D x-ray films.152,153 The scien-
tific setup used for those studies generally comprised either a single
fluoroscopy device with images acquired at different angulations or 2
geometrically exactly aligned fluoroscopy devices for simultaneous ac-
quisition of 2 projections.
The latter technique is used in a current all-in-one biplanar x-ray
scanner (EOS) that allows acquiring low-dose biplanar x-rays (frontal
and lateral views) in daily clinical work.154 Imaging of the whole spine
of a child in 2 planes (frontal and lateral views) using this technique
leads to a radiation dose of approximately 358 μSv.155 For comparison,
the radiation dose of a whole spine examination in one plane using a
conventional digital radiography system leads to a dose of approximately
1500 μSv.155 Thanks to newly introduced hardware and software (the so-
called MicroDose© technique), the radiation dose associated with a
2-plane spine scan in children can be even further reduced to approxi-
mately 58 μSv. This radiation is approximately equal to the radiation
dose acquired while living on earth for one week (8 μSv per day).
Postprocessing of biplanar radiographs consists of assigning 3D
coordinates to every point in the scanned volume. Three-dimensional
models of the leg and spine can be generated by adjusting standardized
3D bone models to the osseous contours of a patient's frontal and lateral
view radiographs. Based on these 3D models, complex 3D measure-
ments become possible (Fig. 7). Length and angles can be measured
in space or projected to a freely defined plane. However, it is important
FIGURE 7. Three-dimensional reconstruction of the lower extremities based on ultra-low-dose biplanar radiographs. Bonemodels are manually adjusted
to the osseous contours on the frontal and lateral radiograph (red lines on the left side of the figure). Upon identification of the osseous contour, the
computer calculates a 3D model of the bones that is then superimposed on the original radiographs (right side of the figure). Additional measurement
such as leg axis, leg length, and femoral and tibial torsion are generated automatically with this method. Figure 7 can be viewed online in color at
www.investigativeradiology.com.
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to keep inmind that such 3Dmodels do not reflect 3D detailed anatomy.
Therefore, fractures, tumors, and individual bone changes will not be
visible when looking at the surface rendered 3D models of a patient.
Based on 3D models of the legs, there are several evaluations
that can help the surgeon to monitor malposition over time or to prepare
surgery. Limb length and axis can be measured in 3D with potential
compensation for measurement errors on conventional 2D frontal ra-
diographs owing to an extension deficit of the knee joint.156–158 Follow-
ing a simple step-by-step postprocessing procedure, it is also possible to
measure femoral and tibial torsion in adults and children.159–162
Patients with scoliosis are generally examined periodically to
monitor changes and to recognize the best time for corrective surgery.
Additionally, postoperative follow-up examinations are often needed
for long-term evaluation of treatment success.163 Scoliosis parame-
ters, such as Cobb angles and plumb line, can be measured on a single
frontal view radiograph in a weight-bearing upright patient position.
Alternatively, the sagittal balance of the spine, 3D scoliosis evaluation,
and torsional changes of every single vertebral body can be evalu-
ated based on a simultaneous acquisition of a frontal and lateral view
radiograph.157,164
Currently, further applications for biplanar radiographs are being
developed in various anatomical regions, such as the foot in patients
with hindfoot malalignment, the hip in patients with FAI, or after total
hip prosthesis implantation and patellofemoral maltracking disorders.
Magnetic Resonance Neurography
Over the past few years, a rapid evolution of MR neurography
has been seen, with massively improved image quality and the possibil-
ity of detailed assessments of the plexuses, peripheral nerves, and their
branches in the extremities (Fig. 8).165
Magnetic resonance neurography pulse sequences may be di-
vided into nerve-nonselective, nerve-selective, and nerve-functional
sequences. Nerve-nonselective sequences include standard 2D or iso-
tropic 3D TSE sequences that provide standard T1 and T2 contrast
weighting. The 2D sequences are usually acquired in a plane perpendic-
ular to the long axis of the nerves, and their predominant value is in the
detection of T2 signal abnormalities as well as in the evaluation of the
fascicular structure of nerves.166 Reconstruction of maximum intensity
projection images from isotropic 3D sequences may be helpful for visu-
alizing complex structures such as the brachial plexus (eg, thin slice
maximum intensity projection images with a slice thickness of 2 cm).167
Nerve-nonselective sequences are often combined with fat suppression,
which can either be a spectral adiabatic inversion recovery, a STIR, or a
Dixon-based technique. However, whatever technique is used, the uni-
formity of the fat suppression is of particular importance, since subtle
T2 signal abnormalities might be the only sign of a peripheral neurop-
athy.168 Nerve-selective sequences use diffusion weighting to suppress
the background signal, that is, from vessels. An example for this type
of sequences is the diffusion-based 3D reversed-FISP (DW-PSIF) se-
quence, which, unfortunately, has some limitations when large fields-
of-view are needed, for example, in the plexuses.169 For the latter, a
recently developed method could be used as an alternative, the 3D
(nerve-sheath signal increased with inked rest-tissue rapid acquisition
with refocused echoes (RARE) imaging) technique, which combines a
fat-suppression prepulse, improved motion-sensitized driven-equilibrium
preparation to suppress the vessel signal, and 3D variable refocusing
flip-angle RARE (rapid acquisition with refocused echoes) readout seg-
ments for contrast-efficient T2-weighted images.170
Nerve-functional imaging is based on diffusion-weighted imag-
ing (DWI) and diffusion tensor imaging (DTI). Diffusion-weighted im-
aging and DTI both cross the border of morphological imaging as they
provide functional information about peripheral nerves.171–173 For both
DWI and DTI, multiple numbers of excitation are often used to gain
enough signal. Thus, current DWI andDTI applications comewith long
acquisition times, especially when larger fields-of-view are imaged.
Soon, new accelerated techniques using SMS echo planar imaging with
blipped CAIPIRINHA will be available. This development includes
SMS imaging where multiple slices are excited concurrently with a mul-
tiband radiofrequency pulse, which translates into a substantial reduc-
tion in DWI and DTI imaging time.174
Interpretation of MR neurography images is considered to be
complicated. However, considering some basic principles, many pitfalls
can be avoided, and a reliable diagnosis can be made. First, the normal
MR appearance of the nerve needs to be known. The proximal portions
of a nerve are thicker than the distal portions. This means that any nerve
thickening distally or any tortuous course of a nerve should raise one's
attention with regard to possible neuropathy.175 Second, normal nerves
have a fascicular pattern that is best evaluated in T1- and T2-weighted
images perpendicular to the long axis of a nerve. On high-resolution
3.0-T images, the fascicular pattern should always be visible, and in
its absence, one should consider nerve pathology.175–177 Third, periph-
eral nerves are typically surrounded by fat. Loss of this fat plane is a
sign for pathology.175 Fourth, some nerves show atypical courses such
as penetration of muscles. These normal variants might be asymptom-
atic but can be a cause of entrapment syndromes. Fifth, the normal
nerve signal is similar to the signal of adjacent skeletal muscles on
T1- and T2-weighted pulse sequences with the exception of STIR and
SPACE images, where the normal nerve signal is markedly higher than
the surrounding tissue. Any increased signal intensity should raise the
suspicion for neuropathy.176 Sixth, artifacts from small metal implants
such as clips at nearby veins may cause local field inhomogeneities
resulting in focal absence of nerve signal. This is a typical pitfall for
nerve discontinuity. Lastly, peripheral nerves are covered by the
nerve-blood barrier, which means that normal peripheral nerves do
not take up contrast agent. Therefore, any contrast enhancement is a
clear sign of neuropathy and, for example, is frequently found in acute
inflammation of plexuses.165,175
THE FUTURE OF MSK RADIOLOGY
In the final section of this article, we attempt to predict some of
the developments that will shape MSK radiology in the next decades.
MRI Will Become Ultrafast
The acquisition time of MSKMRI examinations has been short-
ened considerably, since MRI was introduced in clinical routine imag-
ing. This development will accelerate: MRI will become ultrafast,
with, for example, comprehensive joint imaging being done within
3minutes time.What are the technical innovations that will drive the ac-
celeration of MRI? First, sparsity imaging/compressed sensing and
techniques using a multiband radiofrequency pulse are expected to
speed up acquisition times.178 One field where this is already being im-
plemented inMSKMRI is imaging of painful joint replacements.127 To
adequately suppress through-plane artifacts, very long acquisition times
would be ideal for multispectral imaging. If such sequences can be ac-
quired in a much shorter time, this will revolutionize MRI of metal im-
plants. Second, MR fingerprinting and similar technologies will have a
substantial impact on our specialty.179,180 For example, a single
multiparametric sequence is acquired and then used to calculate all stan-
dard weightings as well as T1 maps, T2 maps, DWI, etc. Similar to the
current multidetector CT, the exact imaging planes will not need to be
planned ahead, but rather, a 3D volume is acquired and then secondary
multiplanar reconstructions are performed in any desired weighting.
Furthermore, MRI with field strengths greater than 3 Twill be routinely
in use with dedicated MSK coils, providing a high SNR. Magnetic
resonance imaging and CT arthrography will be replaced by high-
resolution noncontrast imaging, with improved high-resolution 3D
sequences for cartilage as well as the implementation of quantitative
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imaging biomarkers in clinical routine imaging. With ultrafast imaging,
patient management will become the limiting factor for enhancing pa-
tient throughput. New ways of positioning patients in the scanner and
coil management need to be developed.
MRI Will Become Semiautomated
Acquisition of MRI will be revolutionized. For a long time, the
planning of MRI sequences has been tedious and sometimes compli-
cated. With advanced technology, it will be possible to position the pa-
tient on the examination table, select a specificMRI program, and press
the start button. It will be possible to modify specific examination pa-
rameters manually, but the scanner evaluates patient habitus and artifact
profile and correctly chooses the right examination parameters for stan-
dard MSK examinations. The evaluation of the MRI examination will
still need human attention and focus, but some aspects of assessing
the MR images will become semiautomated, such as orthopedic stan-
dard measurements or tumor follow-up measurements.181
Mega-Trends in MSK Research
What are the developments in research? Personalized medicine
will transform our health system within the next 50 years, and this
will also affect radiology. Biobanks with many layers of patient-based
imaging datawill be implemented and cross-linked to clinical and genetic
data.182 Individual imaging data will be matched to standardized data
from healthy and diseased individuals to allow automated quantitative
assessment of tissues. Data mining will allow investigating the effec-
tiveness ofMSK radiology and the impact that imaging is having on pa-
tient outcome.
CONCLUSION
In this article, we assessed the patterns of innovation that were
essential for the transformation of MSK imaging since 50 years ago,
when Investigative Radiology was established as a journal. The state-
of-the-art joint imaging of 2015 has been exemplified through 9 key
concepts, including cutting-edge clinical applications and topics at the
forefront of MSK research. Lastly, we attempted to predict some of
the developments that will shape MSK radiology in the future.
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